Infections due to fungal species are widespread and can lead to death in immunocompromised individuals. Candida albicans is the most common fungal opportunistic pathogen and can exist in a wide range of associations, from a superficial commensal state to systemic infections of a human or animal host. Typical cases of candidiasis in humans include oral and vaginal infections, whereas disseminated Candida infections are a significant cause of morbidity and mortality in immunocompromised patients (3, 21) .
Adherence to a host and the subsequent aggregation of the infecting cells serve as initial and critical steps in establishment of C. albicans as a commensal inhabitant or pathogen. The importance of adherence is reflected in the reductions in virulence seen for strains with mutated adhesin genes or with mutations in genes that regulate adhesins (2, 9, 30) . Following adherence, C. albicans grows in a colonial state. Indeed, in disseminated disease, microcolonies are present in target organ tissue and are diagnostic for disease (20) .
Along with the characterized adhesins Hwp1 and Eap1p (25, 30) , the C. albicans genome encodes the Als family of cell surface glycoproteins, which are apparently the most widely expressed adhesins (15, 17, 18) . Als1p and Als5p are the best characterized of the Als adhesins (10-13, 16, 20, 27, 31) .
Heterologous expression of Als5p in Saccharomyces cerevisiae has been used to identify several ligands, including extracellular matrix proteins, human buccal epithelial cells (11) , homopolymers of threonine, serine, and alanine (13) , and a tϩ consensus sequence, which consists of successive turnlike, bulky hydrophobic, and cationic Lys or Arg residues (22) . Kinetic analysis of Als5p-mediated adhesion has revealed that there is initial rapid adhesion to a ligand, followed by slower yeast cell-yeast cell binding interactions that form macroscopic aggregates (12) . In this paper we refer to binding of cells to ligand-coated beads as adhesion and to cell-to-cell binding as aggregation. Both types of interactions occur over a broad pH range (pH 2 to 9) and are resistant to the shear forces generated by vortexing and to dissolution by nonchaotropic salt or sugar additives (12) . Urea (6 M) or 50% formamide reversibly inhibits the adherence and aggregation phenotypes. This binding has been called stable reversible specific adherence (13) .
MATERIALS AND METHODS
Cell transformation. The previously described plasmid pGK114 was used to overexpress Als5p in S. cerevisiae (12) . Plasmid pGK114 was transformed into the nonflocculent S. cerevisiae strain W303-1B by the lithium acetate method (14) . Transformants were selected for the experiments reported here.
Adherence assays. Adherence assays were performed as previously described (12) . Briefly, S. cerevisiae cells containing pGK114 were grown with shaking at 30°C in YPGal medium (10 g of yeast extract per liter, 20 g of peptone per liter, 20 g of galactose per liter) to the late logarithmic phase for Als5p expression. For experiments with C. albicans, strain Ca1 cells was grown in YEPD medium (10 g of yeast extract per liter, 20 g of peptone per liter, 20 g of glucose per liter) to the stationary phase (ϳ1.50 ϫ 10 8 cells/ml) (12) . Approximately 5 ml of the culture was transferred to fresh YEPD medium, and the cells were incubated for 2 h to maximize ALS expression. Cells were harvested and washed with Tris-EDTA (TE) buffer (pH 7.0) three times and then resuspended in TE buffer. In a glass tube (13 by 100 mm) Als5p-expressing cells were mixed with fibronectin (FN)-coated magnetic beads at a cell-to-bead ratio of 100:1 in TE buffer, briefly vortexed, and incubated at room temperature with gentle shaking for 30 to 45 min. Each tube was vortexed briefly and immediately placed into a magnetic separator (Dynal). Adherent and aggregated cells were gently washed three times with TE buffer while the tube remained within the magnet. The cells were resuspended in TE buffer, and a sample was placed onto a microscope slide for examination. Cells were viewed with a Nikon Optiphot-2 microscope equipped with a Sony DK-5000 camera. For assays in which the effects of additives on adhesion were investigated, additives were added to the cell-bead mixture at the onset of the adherence assays.
Fluorescence of 8-anilino-1-naphthalene-sulfonic acid (ANS). Adherence assays were performed as described above, except that following cellular incubation the cells were washed once with TE buffer. Aggregates were wet mounted, and photographs were taken after 7 min of exposure to UV light.
Birefringence assays. Adherence assays were performed as described above. For observation of cell surface birefringence, samples were observed with polarized light under phase with a ϫ20 or ϫ40 objective. A second polarizer (analyzer) was inserted between the objective and the eyepiece of the camera and was rotated to give a completely dark background, as described previously (http: //www.microscopyu.com/articles/polarized/polarizedintro.html). Micrographs were exposed for 2 to 4 s at F2. Antibody inhibition and immunofluorescence assays. Polyclonal Als-specific antibodies were raised in rabbits following injection with the N-terminal region of Als1p. The antibodies were adsorbed twice overnight with heat-killed S. cerevisiae W303-1B before they were used. For adherence assays in which antibodies were used, cells were preincubated with anti-Als antibodies at a ratio of 1:40 for 1 h before the onset of the experiment.
For immunofluorescence assays, S. cerevisiae cells expressing Als5p (cells grown with galactose) and nonexpressing cells (cells grown with glucose or cells without pGK114) were incubated with anti-Als polyclonal antibodies at a ratio of 1:50 for 1 h, and this was followed by three washes in phosphate-buffered saline (pH 7.00). The cells were then incubated with S. cerevisiae-adsorbed fluoresceinlabeled goat secondary antibodies at a ratio of 1:100 for 1 h and washed as described above. Cells were examined microscopically. 1A) . The adherence and aggregation were similar to those seen in S. cerevisiae strain YPH499 (11) (12) (13) . Neither adhesion to beads nor aggregation was seen in nontransformed cells (Fig.  1F ) or in transformed cells grown in glucose (data not shown). Adherence to ligand beads and cellular aggregation were similar for nontreated control cells and for cells incubated with cycloheximide (10 g/ml) (Fig. 1B) or sodium azide (10 mM) (Fig. 1C) . The signal transduction inhibitors adenosine-5Ј(␤,␥-imido)triphosphate (AMPNP; 300 M), staurosporine (30 M) (4), and okadaic acid (2 M) also had no effect (data not shown). There was also adherence or aggregation in experiments in which Als5p-expressing cells were heat killed prior to the adherence assay (data not shown). Quantification of adhered and aggregated cells showed similar binding for controls and samples treated with cycloheximide or sodium azide (Fig.  2) . Effects of antibodies on adherence and aggregation. When Als5p expression was induced by growth in galactose, the protein was displayed at the surface of intact cells and reacted with a polyclonal antibody raised against Als1p (Fig. 3A and B) (9) . The pGK114-transformed cells showed no fluorescence after growth in repressing glucose medium (Fig. 3C and D) . Cells not transformed with pGK114 also showed no fluorescence (data not shown). An Als1p-specific monoclonal antibody (9) did not react with Als5p-expressing cells (data not shown).
RESULTS

Effects of additives on adherence and aggregation of
The polyclonal antibody also inhibited both adherence to beads and cell-to-cell binding (Fig. 3E and F) . This result implied that cell surface Als5p was essential for both the adhesion and the cell-to-cell binding of the Als5p-expressing S. cerevisiae cells.
Als5p-mediated aggregation in the presence of ANS and Congo red (CR). ANS is fluorescent in hydrophobic environments, so it is commonly used to monitor secondary structure changes during protein folding and unfolding (1, 23, 24, 28, 29) . ANS (100 M) reduced aggregation in assays of Als5p-expressing cells (Fig. 1D and 4A ) and resulted in a fivefold decrease in the number of cells per bead (Fig. 2) . There was also a marked increase in the fluorescence of aggregating cells compared to that of nonaggregating ALS5-expressing cells or nontransformed S. cerevisiae cells (Fig. 4A to C) . Reduced cellular aggregation and increased fluorescence associated with ANS treatment were also observed in C. albicans (Fig. 5A and C and Fig. 4D and E) . The surfaces of adherent cells were uniformly fluorescent or not fluorescent rather than fluorescent only in the region next to the ligand bead ( Fig. 4A and D) . This observation implied that Als5p molecules around the entire surface had changed conformation to show similar exposure of hydrophobic regions.
The dye CR stains amyloid structures and inhibits their formation (5, 26, 29) . Like ANS, CR significantly reduced cellular aggregation in S. cerevisiae expressing Als5p ( Fig. 1E  and 2 ) and in C. albicans (Fig. 5A and B) . CR had no effect in aggregation assays of cells that did not express Als5p.
Surface birefringence of Als5p aggregates. When Als5p-mediated cellular aggregates of S. cerevisiae were viewed between crossed polarizers, the cell surface was clearly birefringent, whereas there was less birefringence in nonaggregating cells (Fig. 6A and B) . Inspection of Als5p-expressing cells throughout the course of the adherence assay showed that cell surface birefringence increased as the size of the aggregates increased but was most apparent after 30 min of the assay (Fig. 7) . The aggregation-induced birefringence was observed in the presence of metabolic inhibitors (data not shown) but was absent from the small adhesive cell groups seen in the presence of ANS or CR ( Fig. 6C and D) . Cell surface birefringence was also observed in adherence assays with C. albicans and was much greater in the presence of FN-coated beads than in their absence ( Fig. 6E and F) . To determine whether the surface birefringence mediated by Als5p aggregation was a general property of yeast cell-yeast cell binding, we also observed the cell surface of S. cerevisiae strain YIY345 during Flo11p-mediated flocculation and sexual aggregates of S. cerevisiae formed through sexual agglutinins. In neither case was there surface birefringence that was greater than that in nonaggregated controls (data not shown).
DISCUSSION
Als5p mediates adhesion to FN and cellular aggregation. Previous studies showed that Als5p expression in S. cerevisiae results in a rapid cell-to-ligand adhesion step, followed by slower cell-to-cell binding, which we call aggregation (12) . The biphasic kinetics suggest that following adhesion to a ligand, Als5p may undergo a modification that mediates cellular aggregation. Such a modification might include covalent modification of the cell surface Als5p, synthesis and display of new adhesin molecules with aggregative properties, or a noncovalent modification of the Als5p structure.
Surface display of Als5p resulted in adhesion to FN-coated beads and cellular aggregation. Both interactions were inhibited by a specific antibody that reacts with Als5p. In addition, indirect immunofluorescence confirmed Als5p surface localization. Together with galactose-induced adhesion and aggregation, these results imply that cell surface Als5p is necessary and sufficient for binding to FN-coated beads and aggregation.
To eliminate the possibility that the Als5p-mediated aggregation phenotype resulted from adherence-induced expression of an altered, aggregate-competent version of Als5p or from induction of another adhesin altogether, aggregation assays were performed in the presence of various inhibitors. Adhesion and aggregation were similar for nontreated Als5p-expressing cells and cells treated with inhibitors of signal transduction, intermediary metabolism, or protein synthesis and indeed for heat-killed cells. These results indicated that aggregation occurs independent of cellular metabolic activity.
ANS fluorescence increases upon aggregation. On the other hand, there is evidence which supports the hypothesis that there is a ligand-induced change in the three-dimensional structure of Als5p. The fluorescent dye ANS has been extensively used to study protein surface hydrophobicity and changes in exposure of hydrophobic regions after structural transitions (1, 23, 24, 28) . Indeed, ANS fluorescence revealed an increase in cell surface hydrophobicity upon aggregation. Primary and secondary amino acid sequence analyses of Als5p indicated that there was a significant amount of residue hydrophobicity and predicted that a conformational shift would correlate with a change in ANS fluorescence (7, 16) . The fluorescence was greater for aggregated cells than for nonaggregating Als5p-expressing cells and untransformed control S. cerevisiae cells. The binding and fluorescence of ANS were uniform around the entire cell surface. Additionally, treatment with ANS reduced the Als5p-mediated aggregation. These results of cellular aggregation assays mimicked the effects of ANS in assays of protein unfolding for carbonic anhydrase and other proteins (1, 23, 24, 28) . In those studies the dye revealed increased surface hydrophobicity during denaturation. Furthermore, in the presence of ANS, protein aggregation is decreased (1, 23, 24, 28) . Thus, the characteristics of dye binding in the cellular aggregation assays imply that a similar structural transition is involved in the conversion to competence for aggregation and is dependent on the presence of both Als5p and its ligand, FN.
Amyloid-binding dye CR inhibits aggregation. The dye CR stains amyloid proteins (5, 26) . CR has a strong affinity for proteins with high ␤-sheet secondary structure contents, like Als5p, and inhibits formation of amyloid protein aggregates (16, 26) . To determine whether CR inhibited Als5p-mediated cellular aggregates, adherence assays were performed in the presence of 30 M CR. Similar to our results obtained with ANS, CR treatment of Als5p-expressing cells inhibited aggregation. This result is similar to the CR-mediated inhibition of amyloid formation in other systems (26) . Thus, aggregation of Als5p-expressing cells was not affected by metabolic poisons but was greatly reduced by two agents that perturb protein secondary structure.
Als5p-mediated aggregation results in increased order in cell surface molecules. Molecular birefringence is a qualitative indicator of ordered and regular structure. When viewed under polarized light, depending on the molecular orientation of the material in the light path, anisotropic substances refract light idea that Als5p undergoes a conformational shift to form ordered domains on the cell surface in cellular aggregates. Thus, development of birefringence in S. cerevisiae depended on expression Als5p and the presence of beads coated with the Als5p ligand. In C. albicans, the presence FN-coated beads in aggregates also increased birefringence ( Fig. 6E and F) . All of the results suggest a model in which Als proteins bind to a few bead-bound peptide ligands (22) and then undergo a structural change to an aggregative state. This transition propagates around the entire cell surface, and the kinetics of aggregation imply that the change takes place over 5 to 30 min (12) . The aggregative state is characterized by the formation of birefringent and hydrophobic domains on the entire surface of the cell. The increases in both ANS fluorescence and birefringence show long-range order around the entire surface of individual cells. Thus, the ordered state appears to encompass the surface of each cell following ligand binding at a single region of the cell surface.
The development of birefringence was Als5p specific in S. cerevisiae, dependent on binding to ligand-coated beads, and independent of cellular metabolism, and it was inhibited by ANS and CR, agents that perturb secondary structure. Furthermore, although ANS and CR compete for aggregative cell-to-cell binding, the increase in ANS fluorescence documents that there are ligand-induced structural changes in Als5p that accompany the transition to the aggregative state. This change is coupled with a global increase in cell surface hydrophobicity for the aggregative state. The similarity in the behaviors of Als5p-expressing S. cerevisiae and C. albicans, which expresses many Als proteins, implies that similar molecular properties mediate adhesion and aggregation in the pathogenic organism. The structural and functional similarities in the Als proteins support this idea (9, 13, 15, 22) .
